Improved crop tolerance and weed suppressive ability (crop competitiveness) are tactics that may reduce the negative effect of weeds on crop yield (Callaway 1990; Forcella 1987 ; Jordan 1993; Lindquist and Kropff 1996; Wicks et al. 1986 ). The distinction between crop tolerance and weed suppressive ability is important for identifying these characteristics. Improved crop tolerance results in a higher yield, relative to weed-free yield, at a given weed infestation. This definition of crop tolerance includes both avoidance and tolerance in the strict sense. Avoidance refers to an ability to escape the effect of a stress factor (Levitt 1980 ). For example, a crop that acquires soil resources from a different zone of the rhizosphere than the weed is avoiding interference. Tolerance in the strict sense refers to an ability to endure competitive stress from the weed without substantial reduction in growth or yield. In cases where both crop and weed demand the same resources on a similar time scale, crop tolerance may be the direct result of resource preemption by the crop (ordan 1993). An example of resource preemption is a crop with canopy architecture that allows it, when competing for light, to intercept a higher fraction of the total incoming photosynthetic photon flux (PPF). This type of crop tolerance may also result in improved weed suppressive ability. Crop tolerance will not improve long-term management of weed populations unless weed seed production also is reduced. However, weed-tolerant crops will improve yield stability in weedy fields.
Improved weed suppressive ability reduces weed seed production and therefore can improve long-term weed management. Improved weed suppressive ability does not, however, ensure crop tolerance (ordan 1993). Improved suppressive ability with a reduction in tolerance could occur as a result of trade-offs in allocation patterns. For example, onset of competition for light may signal an increase in carbon allocation to leaf area within the crop. This change may result in a reduction in light available to the weed but also in a reduction in crop harvest index, and therefore yield. (1993) showed that high corn population density reduced redroot pigweed (Amaranthus retroflexus L.) biomass up to 89% compared to lower corn density. Tollenaar et al. (1994a) showed that yield loss under high and low weed pressure was reduced by 50 and 81% when corn population density was increased from 4 to 10 plants m-2. Murphy et al. (1996) further showed that increased corn density and narrow row spacing reduced the biomass of a composite population of late emerging weeds by up to 41%. Reducing row spacing from 0.76 to 0.5 m reduced yield loss from 15 to 2% (Murphy et al. 1996) . These experiments show that modifying cultural practices to optimize LAI and PPF interception can have a positive influence on corn tolerance and weed suppressive ability.
Several recent reviews have documented variation among crop genotypes in their response to weed competition and capacity for suppressing weed growth rate and seed production (Berkowitz 1988; Callaway 1990 ; Callaway and Forcella 1992; Jordan 1993). Staniforth (1961) showed that an early-maturing corn hybrid was more tolerant to high yellow foxtail [Setaria glauca (L.) Beauv.] densities than a late-maturing hybrid, suggesting that the observed tolerance was the result of avoidance. Tollenaar et al. (1994b) showed that four corn hybrids differed in their yield response to interference from a composite population of weeds, indicating that corn tolerance to weeds can vary among hybrids. However, weed biomass at corn silking did not vary among hybrids, suggesting that these hybrids did not vary in their weed suppressive ability (Tollenaar et al. 1994b ).
The objectives of this research were to compare LAI and intercepted PPF at various stages of development among four corn hybrids grown under weed-free conditions and evaluate whether differences in tolerance and weed suppressive ability can be detected among the four hybrids. Two plants were periodically harvested from each monoculture corn plot, leaves were separated, and green leaf area was measured using an area meter.3 Plants selected for harvest were located in the second and fifth rows of each plot and were at least 1 m from the location of any previously harvested plant. Estimates of corn and velvetleaf density were obtained by counting the number of plants in a 3.65-m section of row in each of the middle two rows of a plot on July 26 and 30 in 1995 and 1996, respectively. Leaf area index (LAI) at each sampling date was estimated as the product of leaf area per plant and number of plants per square meter. Quantity of PPF intercepted by the canopy was measured periodically under full-sun conditions at two locations in each monoculture corn plot. Incident PPF above the canopy (IO) was measured using a point quantum sensor4 mounted on a 3-m staff. PPF at the soil surface (I) was measured using a 1-m line quantum sensor5 placed perpendicular to and centered on the crop row. Intercepted PPF was integrated over a single 5-s period for each measurement. All measurements were made between 10:00 A.M. and 2:00 P.M. on each date to minimize the influence of solar zenith angle on PPF attenuation. Intercepted PPF was estimated as 1 -IS/IJ. This approach may result in an underestimate of actual PPF interception, but it is reasonable to assume that comparisons of intercepted PPF among hybrids are valid. Three rows of each plot were combine harvested, the grain was weighed on the combine, and a subsample was kept for moisture determination. Yield (kg ha-1) was then corrected to 15.5% moisture content. Velvetleaf seed production was estimated by harvesting six plants per plot after complete leaf dry down and counting the total number of seed capsules produced per plant.
Materials and Methods

Field Experiments
Corn and velvetleaf development stage (DVS) was made more comparable across years by defining phenological time using a dimensionless scale ranging from 0 (emergence) to 1.0 (anthesis) to 2.0 (physiological maturity). Rate of development was calculated as the inverse of the number of degree days accumulated between tWO phenological events. Growing degree days accumulated per day (GDDt) after emergence were obtained using ( between years (90 and 92% in 1995 and 1996, respectively). Hence, although canopy LAI was lower in 1996, it was not low enough to influence overall radiation interception late in the season. However, the time at which maximum interception was reached did not necessarily correspond to the time maximum LAI was reached (Figures 1 and 2) , suggesting that other canopy characteristics (canopy height, vertical leaf area distribution, extinction coefficient, and leaf reflectance) were important in determining PPF interception.
Variation in Weed-Free Yield
Weed-free corn yield varied among hybrids in each year of this study. The modern hybrids 3394 and 3379 produced highest yields (6,975 and 9,176 kg ha-' in 1995 and 1996, respectively). Weed-free yields of 336 and 344 differed (4,597 and 4,021 kg ha-1, respectively) in 1995 but did not differ in 1996 (6,219 kg ha-'). Yields of all hybrids were greater in 1996 than 1995. The lower yields in 1995 may have resulted from later planting followed by substantial heat stress (temperatures > 38 C) during early August.
Variation in Tolerance to Velvetleaf
Differences in tolerance to velvetleaf by Equation 2 were observed among the four hybrids in each year (Table 1) . Yield loss-weed density relationships did not differ between the two old or between the two modern hybrids in 1995 (Table 1) . However, these relationships did differ between the old and the modern hybrids, indicating that the two old hybrids were more tolerant of velvetleaf than the modern hybrids in 1995. Maximum yield loss of the two old hybrids (336 and 344) was 32% lower than that for the two modern hybrids in 1995 (Figure 3) . Hybrids having greater tolerance also had greatest LAI and PPF interception in 1995, suggesting that these traits may contribute to increased corn tolerance to velvetleaf.
Yield loss-velvetleaf density relationships varied among hybrids in 1996, but an interaction between hybrid and velvetleaf density was evident (i.e., relationships in Figure 3 are not parallel). Hybrid 3394 was most tolerant to velvetleaf competition at low velvetleaf density and had greatest maximum LAI in 1996. The leaf area index of 336 did not differ from that of 3394 and was most tolerant at high velvetleaf density. Results suggest that LAI may contribute to differences in tolerance to velvetleaf in 1996. However, intercepted PPF does not. Two factors may contribute to the inconsistency between tolerance and PPF interception in 1996. First, PPF interception was greater at earlier development stages in 1995 compared with 1996, suggesting that time course of PPF interception may be more important than the quantity of light intercepted at maximum canopy. Second, leaf area dynamics within the canopy influences vertical PPF interception and therefore may be more important under conditions where canopy LAI is lower than optimum (Lindquist 1997 ). 
Application to Weed Management
The ranking of hybrids in their ability to suppress velvetleaf seed production was similar to their ranking of relative tolerance in 1995. The hybrid with greatest yield relativee to weed-free yield also resulted in the lowest velvetleaf seed production at low weed densities. In 1996, differences were observed among hybrids in their relative tolerance, but no differences in relative suppressive ability were measured.
Our results (Table 1 Improving crop tolerance and weed suppressive ability may be beneficial to an integrated weed management program. Several authors have examined interactions between herbicide dose and weed suppressive ability among small grain cultivars and suggested that combining reduced doses of herbicide with competitive cultivars may reduce seedbank growth rate (Christensen 1994; Lemerle et al. 1996; Salonen 1992) . Such an approach is desirable because it may reduce the cost of herbicide application, as well as the total quantity of herbicide applied. Research to examine the interaction between competitive corn canopies and herbicide dose may also be warranted. 
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